Inhibition of the endocannabinoid catabolic enzymes, monoacylglycerol lipase (MAGL) or fatty acid amide hydrolase (FAAH) attenuates naloxone-precipitated opioid withdrawal signs in mice via activation of CB 1 receptors. Complete FAAH inhibition blocks only a subset of withdrawal signs, whereas complete MAGL inhibition elicits enhanced antiwithdrawal efficacy, but is accompanied with some cannabimimetic side effects. Thus, the primary objective of the present study was to determine whether combined, full FAAH inhibition and partial MAGL represents an optimal strategy to reduce opioid withdrawal. To test this hypothesis, we examined whether combined administration of high-dose of the FAAH inhibitor PF-3845 and low-dose of the MAGL inhibitor JZL184, as well as the novel dual FAAH-MAGL inhibitor SA-57, which is 100-fold more potent in inhibiting FAAH than MAGL, would prevent spontaneous withdrawal in morphine-dependent mice, a model with greater face validity than precipitating withdrawal with m-opioid receptor antagonists. Strikingly, a combination of low-dose JZL184 and high-dose PF-3845 as well as the dual inhibitor SA-57 reduced all abrupt withdrawal signs (ie, platform jumping, paw flutters, head shakes, diarrhea, and total body weight loss), but did not elicit any cannabimimetic side effects. In addition, JZL184 or PF-3845 blocked naloxone-precipitated hypersecretion in morphine-dependent small intestinal tissue. Collectively, these results are the first to show that endocannabinoid catabolic enzyme inhibitors reduce abrupt withdrawal in morpine-dependent mice and are effective in a novel in vitro model of opioid withdrawal. More generally, these findings support the idea that joint MAGL and FAAH inhibition represents a promising approach for the treatment of opioid dependence.
INTRODUCTION
Dependence to illicit and prescription opioids represents a debilitating disease and serious public health problem (Blanco et al, 2007) . Although conventional medications for opioid dependence, such as methadone or buprenorphine prevent withdrawal symptoms in opiate-dependent individuals, these compounds possess dependence liability and can also trigger withdrawal upon abrupt discontinuation (Dyer et al, 1999; Kuhlman et al, 1998) . Consequently, a need remains for the development of non-opioid drug therapies that lack dependence and abuse liability. A case report from the nineteenth century in which a tincture of cannabis was prescribed to treat an opium addict (Birch, 1889) signified the first hint of recorded evidence, suggesting the use of cannabinoids to treat opiate dependence. A recent study consistent with this idea reported an association between intermittent cannabis use and improved retention in naltrexone treatment amongst opiate-dependent patients (Raby et al, 2009) . The most benefit appeared to occur during the first 30 days of detoxification and induction onto naltrexone, when dropout was steepest. Similarly, preclinical studies have firmly established that the primary active constituent of cannabis delta-9-tetrahydrocannabinol (THC) effectively reduces the intensity of withdrawal signs in opiate-dependent rodents (Bhargava, 1976; Hine et al, 1975) . However, psychomimetic effects and dependence liability of THC dampens enthusiasm for its use to treat opiate-dependent patients.
Conversely, the endogenous cannabinoid (endocannabinoid) system, consisting of CB 1 and CB 2 receptors (Matsuda et al, 1993; Munro et al, 1993) , the endogenous ligands, anandamide (AEA) and 2-arachidonylglycerol (2-AG) (Devane et al, 1992; Mechoulam et al, 1995; Sugiura et al, 2002) , and endocannabinoid biosynthetic and catabolic enzymes (Ahn et al, 2008) , possesses potential therapeutic targets to treat opiate dependence and other conditions. Many studies have demonstrated that elevating AEA and 2-AG through pharmacological inhibition of their respective primary degradative enzymes,such as fatty acid amide hydrolase (FAAH) (Cravatt et al, 1996 (Cravatt et al, , 2001 ) and monoacylglycerol lipase (MAGL) (Dinh et al, 2002) decreases nociceptive behavior in multiple preclinical models of pain (Ahn et al, 2009; Cravatt et al, 2001; Ghosh et al, 2012; Kinsey et al, 2009; Long et al, 2009a; Schlosburg et al, 2010) , anxiety (Kathuria et al, 2003; Patel and Hillard, 2006; Kinsey et al, 2011; Sciolino et al, 2011) , and drug dependence (Ramesh et al, 2011; Schlosburg et al, 2009 ). In particular, high doses of the MAGL inhibitor JZL184 reduces all measured naloxone-precipitated somatic withdrawal signs in morphine-dependent mice, including jumps, paw flutters, weight loss, and diarrhea (Ramesh et al, 2011) . However, JZL184 also elicits some cannabimimetic side effects, such as hypomotility and hyperreflexia (Long et al, 2009a) , and repeated administration of high-dose JZL184 results in cannabinoid dependence and functional CB 1 receptor tolerance . Although repeated administration of low doses of JZL184 elicit antinociceptive and anxiolytic-like effects that do not lead to tolerance (Busquets-Garcia et al, 2011; Sciolino et al, 2011) , low dose JZL184 was only partially effective in reducing opioid withdrawal responses (Ramesh et al, 2011) . On the other hand, high doses of FAAH inhibitors do not elicit cannabimimetic side effects and sustained pharmacological inhibition of FAAH does not lead to CB 1 receptor functional tolerance or cannabinoid dependence (Falenski et al, 2010; Schlosburg et al, 2010) . However, inhibition of this enzyme prevents only a subset of withdrawal responses in morphine-dependent mice (Ramesh et al, 2011) . Therefore, the primary objective of the present study was to determine whether dual inhibition of FAAH and MAGL would reduce withdrawal signs in morphine-dependent mice, with minimal cannabimimetic side effects.
Here, we tested the efficacy of a novel combination of low-dose of the MAGL inhibitor JZL184 and high-dose of the FAAH inhibitor PF-3845 as well as the novel dual inhibitor SA-57, which is B100-fold more potent in inhibiting FAAH than MAGL (Niphakis et al, 2012) , in reducing abrupt morphine-withdrawal signs. In addition, endocannabinoid levels were quantified in whole brain. Rimonabant was used to infer whether CB 1 receptors mediated the antiwithdrawal effects elicited by dual blockade of MAGL and FAAH. In these studies, we employed a spontaneous withdrawal model because it possesses greater face validity than naloxone-precipitated withdrawal and somatic withdrawal signs persist for an extended duration of time (8 h), allowing time course assessment. Specific withdrawal signs examined were platform jumping, paw flutters, head shakes, diarrhea, and weight loss.
A secondary goal of this study was to elucidate the mechanism by which endocannabinoid catabolic enzyme inhibitors reduce diarrhea, a common untoward symptom of opioid withdrawal. The antecedents for diarrhea include increases in both motility and secretion of fluids and electrolytes. As we previously determined that FAAH and MAGL inhibitors reduce naloxone-precipitated contractions in morphine-treated mouse ilea (Ramesh et al, 2011) , efforts in the present study focused on secretion. Accordingly, we developed an in vitro model of intestinal ion transport that incorporated Ussing chambers to test whether JZL184 and PF-3845 differentially inhibit naloxone-precipitated hypersecretion of electrolytes in morphine-treated small intestinal tissue.
MATERIALS AND METHODS

Subjects
Male ICR mice (Harlan laboratories; Indianapolis) weighing between 26 and 30 g (B5 weeks of age) served as subjects. For the in vitro Ussing chambers studies, female C57BL/6J mice (4-6 weeks old; Jackson laboratories, Bar Harbor, ME) and female CB 1 ( À / À ) and their ( þ / þ ) littermates backcrossed onto a C57BL/6J background for at least 14 generations were used as subjects. The mice were housed 4-5 per cage in a temperature controlled (20-221C) vivarium approved by the American Association for the Accreditation of Laboratory Animal Care. The mice were maintained on a 12-h light/dark cycle, with all experiments performed during the light cycle. Food and water were available ad libitum. The study was performed with the approval of the Institutional Animal Care and Use Committee at Virginia Commonwealth University and University of Maryland at Baltimore in accordance with the Guide for the Care and Use of Laboratory Animals.
Drugs
Morphine pellets (75 mg), placebo pellets, morphine sulfate, THC, and rimonabant were obtained from the National Institute on Drug Abuse (Bethesda, MD). Naloxone hydrochloride was purchased from Cayman chemicals (Ann Arbor, MI). JZL184 and PF-3845 were synthesized as described previously and supplied by Organix (Woburn, MA) (Ahn et al, 2009; Long et al, 2009a) . SA-57 was synthesized in the laboratory of Dr Cravatt as previously described (Niphakis et al, 2012) . THC, PF-3845, JZL184, SA-57, and rimonabant were dissolved in ethanol, followed by addition of Alkamuls-620 (Sanofi-Aventis, Bridgewater, NJ), and diluted with 0.9% saline to form a vehicle mixture of ethanol, Alkamuls-620, and saline in a ratio of 1 : 1 : 18. Doses were calculated by weight of the salt. Naloxone and morphine were dissolved in 0.9% saline. All injections were administered in volume of 0.01 ml per 1 g body weight. THC and naloxone were administered via subcutaneous injection, whereas PF-3845, JZL184, SA-57 and rimonabant were given via intraperitoneal (i.p.) injection. In spontaneous withdrawal studies, all injections were given 1 h after pellet removal. For experiments quantifying brain endocannabinoid levels, JZL184, PF-3845, and SA-57 were administered 2 h before decapitation. In studies employing the Ussing chambers, naloxone and morphine were dissolved in Krebs buffer, and JZL184 and PF-3845 were dissolved in DMSO. 
Spontaneous Morphine Withdrawal
Approximately 72 h after morphine pellet implantation (see Supplementary methods), mice were weighed and behavior was observed. Mice were individually housed overnight prior to the test day. The mice were then given light isoflurane anesthesia, the pellets were surgically extracted, and the mice were returned to their cages that were placed on heating pads for 2 h. At 1 h after pellet removal, groups received an injection of drug or vehicle. The animals were observed for spontaneous withdrawal signs for 15-min intervals at 2, 4, 6, and 8-h post-pellet removal. Spontaneous withdrawal signs were quantified using a procedure adapted from (Way et al, 1969) that included the percentage of mice jumping off a circular platform (12-cm diameter Â 70-cm height), the total number of paw flutter and head shake incidences, and body weights recorded at each time point. Paw flutters and head shakes were, respectively, pooled across all time points to represent the total number of incidences of the behaviors observed. The percentage of mice presenting with diarrhea across the 8-h test session was also recorded. The mice remained singly housed throughout the testing period, and food and water were available ad libitum, except during the 15-min observation periods. We also measured naloxone-precipitated opioid withdrawal in mice treated with a combination of MAGL and FAAH inhibitors (see Supplementary methods).
For methods of behavioral assessment of cannabinoid activity, extraction, and quantification of brain endocannabinoid levels, and in vitro measure of secretion in small intestine (ie, measurement of electrogenic ion transport in vitro in Ussing chambers), see Supplementary information.
Statistical Analysis
All data are reported as mean±SEM. In the behavioral experiments, the numbers of head shake and paw tremor incidences were tallied. The occurrence of jumps and diarrhea was scored as a binary event for the entire 15-min period at each time point. Weight loss (g) was calculated by subtracting the body weight at the conclusion of each 15-min observation period from the pre-pellet removal weight. Data were analyzed using one-way or twoway between measures analysis of variance. Dunnett's test was to compare drug treatments with vehicle and Scheffe's post-hoc test was employed for comparisons between various treatments. In addition, planned comparisons were used to analyze the brain levels of endocannabinoids. The percentage of mice between groups presenting with diarrhea and percentage of mice that jumped off platforms were analyzed by the z-test of two proportions. For Ussing chambers experiments, planned comparisons using t-tests were performed between different treatments. Differences were considered statistically significant at po0.05.
RESULTS
MAGL and FAAH Inhibition Differentially Attenuates Spontaneous Morphine-Withdrawal Signs
Consistent with previous reports (Long et al, 2009a, b) , JZL184 dose-dependently elevated whole-brain levels of 2-AG (F(3, 19) ¼ 19.5; po0.001; Figure 1a ) and concomitantly reduced levels of arachidonic acid (F(3, 19) ¼ 8.4; po0.001; Figure 1b ), but did not relevantly affect AEA levels ( Figure 1c ). In addition, JZL184 dose-relatedly reduced all Figure 1 The monoacylglycerol lipase (MAGL) inhibitor, JZL184 dose-dependently attenuated the occurrence of spontaneous withdrawal signs in morphine-dependent mice through the activation of CB 1 receptors. JZL184 dose-dependently increased whole-brain levels of 2-AG (a) and decreased arachidonic acid (AA; b), but did not relevantly affect anandamide (AEA) (c). JZL184 significantly decreased all measured withdrawal signs including: (d) jumps, (e) head shakes, (f) paw flutters, (g) diarrhea, and (h) weight loss. Rimonabant (3 mg/kg; Rim) significantly blocked each antiwithdrawal effect of JZL184 (40 mg/kg). Data expressed as mean±SEM for panels a-c, e, f, and h. *po0.05, **po0.01, ***po0.001 vs vehicle control; Figure 1h) .
Similarly, the phytocannabinoid THC blocked all measured withdrawal signs, including the occurrence of jumping (Figure 2a ), head shakes (F(2,19) ¼ 13.5; po0.001; Figure 2b 
Combination of Partial MAGL Inhibition and Complete FAAH Inhibition Attenuates Spontaneous and Precipitated Withdrawal Signs through Activation of CB 1 Receptors
To evaluate whether combined inhibition of MAGL and FAAH reduces spontaneous opioid withdrawal signs, mice were co-administered a low dose of JZL184 (4 mg/kg, i.p.) or vehicle and a high dose of PF-3845 (10 mg/kg, i.p.) or vehicle. Acute treatment with low-dose JZL184 given with vehicle or in combination with high-dose PF-3845 significantly elevated 2-AG levels two-to four-fold (F(3, 28) ¼ 25.7; po0.001; Figure 3a) . PF-3845 given alone did not alter brain 2-AG levels. The combination of JZL184 and PF-3845 resulted in significantly higher 2-AG brain levels than those produced by JZL184 (4 mg/kg) alone, though this elevation did not approach the 10-fold increased levels following high-dose JZL184 (40 mg/kg), which is comparable to its effectiveness in C57BL/6J mice (Long et al, 2009b) . High-dose JZL184 (40 mg/kg) decreased brain arachidonic acid levels by 47% (76.9±3.8 nmol/g; po0.001). Similarly, low-dose JZL184 (4 mg/kg) significantly reduced brain arachidonic acid levels when administered alone or in combination with PF-3845, (F(3, 28) ¼ 4.6; po0.05; Figure 3b) ; however, the respective reductions were only 11 and 15%, compared with vehicle control levels. As shown in Figure 3c , PF-3845 or combination of PF-3845 þ JZL184, increased brain AEA levels more than eight-fold above that of vehicle (F(3, 28) ¼ 309; po0.001). However, neither 4 nor 40 mg/kg JZL184 given alone affected AEA levels in whole brain.
Strikingly, JZL184 (4 mg/kg) and PF-3845 (10 mg/kg) given in combination reduced the full spectrum of abrupt withdrawal signs, while single administration of these drugs reduced only a subset of withdrawal signs. The combination of JZL184 and PF-3845, but neither drug alone, significantly reduced jumping at 4, 6, and 8 h after morphine pellet removal (Figure 3d ). The combination as well as each drug given alone significantly reduced the intensity of total head shakes (F(3, 26) ¼ 4.4; po0.01; Figure 3e ) and paw flutters (F(3, 26) ¼ 12.3; po0.001; Figure 3f ). However, only the combination of JZL184 and PF-3845 significantly blocked the occurrence of diarrhea (Figure 3g ) and ameliorated the To determine the efficacy of a dual FAAH and MAGL inhibitor on morphine-dependent mice undergoing spontaneous withdrawal, we employed SA-57, which is greater than 100-fold more potent as a FAAH inhibitor than as a MAGL inhibitor (Niphakis et al, 2012) . As shown in Figure 6a , 0.125 and 1.25 mg/kg SA-57 did not alter brain 2-AG levels, but 2.5, 5, and 12.5 mg/kg SA-57 significantly elevated brain 2-AG levels, respectively, by three-to fourfold, seven-fold, and greater than ten-fold (F(5, 24) ¼ 305.5; po0.0001). High doses of SA-57 were also required to reduce brain arachidonic acid levels (Figure 6b ). Specifically, 5 and 12.5 mg/kg SA-57 significantly reduced brain arachidonic acid levels by 33 and 60%, respectively, (F(5, 24) ¼ 10.9; po0.0001). In contrast, SA-57 was considerably more potent in elevating brain AEA levels than 2-AG levels, with 0.125 mg/kg increasing AEA approximately three-fold and each of the higher doses producing maximally elevated brain AEA levels (F(5, 24) ¼ 49.0; po0.0001; Figure 6c ).
Having confirmed that SA-57 is far more potent in elevating brain levels of AEA than 2-AG in ICR mice, we next evaluated whether this compound would reduce spontaneous withdrawal signs in morphine-dependent mice. SA-57 dose-dependently reduced the occurrence of platform jumping (Figure 6d) , the total number of head shakes (F(3, 32) ¼ 4.34; po0.05; Figure 6e ) and paw flutters (F(3, 32) ¼ 18.0; po0.0001; Figure 6f ). This compound also attenuated the occurrence of diarrhea (Figure 6g) and weight loss at all time points (F(3, 32) ¼ 5.99; po0.01; Figure 6h ), but only at the 5 mg/kg dose in each case.
Combined Partial MAGL and Full FAAH Inhibition: Lack of Discernible Cannabimimetic Side Effects in the Tetrad Assay
To evaluate whether dual blockade of MAGL and FAAH elicits cannabimimetic effects, we assessed combined injections of JZL184 and PF-3845 in the tetrad assay, which is sensitive to the pharmacological actions of THC and other cannabinoid receptor agonists. Mice treated with low-dose JZL184 (4 mg/kg), PF-3845 (10 mg/kg), or combination of both inhibitors displayed no significant effects in the tetrad assay (Table 1 ). In comparison, THC dose-dependently elicited hypomotility, anti-nociception, hypothermia, and catalepsy (Supplementary Table 1 ). As shown in Table 2 , SA-57 produced significant increases in hypomotility (F(4, 34) ¼ 3.18; po0.05), catalepsy (F(4, 35) ¼ 3.61; po0.05), and hypothermia (F(4, 35) ¼ 20.8; po0.0001), but not antinociception (p ¼ 0.37). Each of these effects can be attributed to the highest dose tested (ie, 12.5 mg/kg SA-57; po0.05), are comparable to those elicited by high doses of THC (Supplementary Table 1) , and are consistent with previous studies (Long et al, 2009c) showing that complete and simultaneous inhibition of MAGL and FAAH elicits almost full-blown cannabimimetic effects.
Comparison between JZL184 and PF-3845 on NaloxonePrecipitated Hypersecretion in Morphine-Treated Small Intestinal Tissue
In the final experiment, we developed an in vitro model to examine whether endocannabinoid catabolic enzyme inhibitors reduce naloxone-precipitated secretion in morphine-treated small intestine. Morphine treatment by itself caused a mild decrease in the I sc current, consistent with its constipation side effect. Naloxone (30 mM) application to SI tissue treated with morphine (30 mM) for 60 min, produced a profound increase in I sc current (po0.05 v/s morphine control; Figure 7 ). JZL184 (10 mM) or PF-3845 (1 mM) blocked naloxone-induced increase in I sc current in wildtype tissue (po0.05 v/s morphine-naloxone control; Figure 7a and c). However, JZL184 lacked this antisecretory action in tissue from CB 1 ( À / À ) mice (Figure 7b ).
DISCUSSION
The major finding of the present study is that partially blocking MAGL in combination with full FAAH blockade substantially reduced spontaneous withdrawal signs in morphine-dependent mice compared with single inhibition of these endocannabinoid catabolic enzymes. Specifically, combined administration of low dose of the MAGL inhibitor JZL184 (ie, 4 mg/kg) and high dose of the FAAH inhibitor PF-3845 (ie, 10 mg/kg) significantly reduced paw flutters, head shakes, jumps, diarrhea, and weight loss in morphine-dependent mice undergoing spontaneous or The dual FAAH/MAGL inhibitor SA-57 reduced all measured signs of spontaneous morphine withdrawal. SA-57 dose-dependently increased whole-brain levels of 2-AG (a) and concomitantly increased arachidonic acid (AA; b), but was most potent in elevating brain AEA levels (c). The withdrawal signs measured include: (d) jumps, (e) head shakes, (f) paw flutters, (g) diarrhea, and (h) weight loss. Data are expressed as mean ± SEM for panels a-c and e, f, and h, and percentage scores in panels d and h. *po0.05, **po0.01, ***po0.001 vs morphine control; n ¼ 9 mice/group. did not produce apparent cannabimimetic effects (except for 12.5 mg/kg SA-57), as assessed in the tetrad assay. A second novel finding in the present study was that both JZL184 and PF-3845 significantly attenuated naloxoneprecipitated hypersecretion in morphine-dependent intestinal tissue.
The findings that high-dose JZL184 significantly blocked all opioid withdrawal symptoms, whereas high-dose PF-3845 reduced only a subset of these effects corroborate a previous report using the naloxone-precipitated withdrawal model (Ramesh et al, 2011) . However, the partial cannabimimetic effects produced by high-dose JZL184 (Long et al, 2009a) could represent a drawback in developing MAGL inhibitors as stand-alone therapeutic agents for opioid dependence. Although FAAH inhibitors do not elicit observable cannabimimetic side effects, PF-3845 was less efficacious than JZL184 in reducing spontaneous (see Figures 1 and 2 ) and naloxone-precipitated (Ramesh et al, 2011) opioid withdrawal signs. Taken together, these results suggest that FAAH and MAGL represent promising targets for treating opioid dependence and other disorders. However, selective inhibitors of these enzymes are associated with respective challenges related to efficacy and side effects. Moreover, complete blockade of MAGL and FAAH in combination has been shown to produce enhanced antinociceptive effects, as well as THC-like subjective effects in the drug discrimination assay, catalepsy, hypomotility, and impaired performance in a working memory Morris water maze memory task (Long et al, 2009c; Wise et al, 2012) . In order to circumvent these limitations, we investigated whether a combination of partial MAGL inhibition and complete FAAH inhibition would achieve enhanced efficacy in attenuating opioid withdrawal signs without assorted THC-like side effects elicited by simultaneous and complete blockade of both these major endocannabinoid catabolic enzymes (Long et al, 2009c) . It is somewhat curious that none of the treatments significantly elevated tail withdrawal latencies, though we previously reported (Cravatt et al, 2001 ) that FAAH ( À / À ) mice do not exhibit hypoalgesic responses at the water temperature use here (ie, 521C). The antiwithdrawal effects of this combination coupled with the lack of cannabimimetic effects are important findings, supporting further development of a drug that partially inhibits MAGL, and completely inhibits FAAH. Notably, the dual inhibitor SA-57, which much more potently inhibits FAAH than MAGL (Niphakis et al, 2012) , elicited differential potency in elevating brain AEA and 2-AG levels and dose-dependently attenuated spontaneous withdrawal in morphine-dependent mice.
Although FAAH and MAGL are well established to be the primary hydrolytic enzymes of AEA and 2-AG, both of which activate CB 1 and CB 2 receptors, non-endocannabinoid substrates of these enzymes and their receptor targets are also affected by inhibitors of these enzymes (Ahn et al, 2008) . In particular, MAGL has a major role in the biosynthesis of free arachidonic acid in brain from its precursor, 2-AG (Nomura et al, 2011) . Also, FAAH metabolizes other bioactive fatty acid amides, including N-palmitoylethanolamine, N-oleoylethanolamine, and oleamide (Cravatt et al, 1996 (Cravatt et al, , 2001 , as well as N-acyl taurines (Fattore et al, 2005; Leung et al, 2006) , which activate various TRP channels and PPARa receptors (Di Marzo and De Petrocellis, 2010; Jhaveri et al, 2008; Smart et al, 2000) . Thus, combined blockade of FAAH and MAGL produces multiple neurochemical alterations that could affect morphine-withdrawal responses. Nonetheless, the observation that rimonabant completely prevented all antiwithdrawal effects produced by combined administration of JZL184 and PF-3845 in morphine-dependent mice indicates that endocannabinoid activation of CB 1 receptors has a necessary role in these actions. Similarly, rimonabant, but not the CB 2 receptor antagonist SR144528, prevented the protective effects of JZL184 on naloxone-precipitated withdrawal signs in morphine-dependent mice (Ramesh et al, 2011) .
Although compelling evidence supports the idea that AEA and 2-AG have pivotal roles in mediating the enhanced antiwithdrawal effects elicited by dual inhibition of their primary catabolic enzymes, the manner by which these two endocannabinoids interact, remains to be established. A simple explanation is that dual enzyme inhibition produces enhanced antiwithdrawal effects by merely increasing total endocannabinoid brain levels to stimulate CB 1 receptors. However, the observation that 2-AG levels in brain are at least 200-fold higher than AEA brain levels (Ahn et al, 2009; Long et al, 2009a) tends to argue against this idea of mass action. Alternatively, it is plausible that simultaneous inhibition of MAGL and FAAH may produce augmented antiwithdrawal effects because distinct CB 1 receptor-mediated circuits are activated by the respective Figure 7 Effects of MAGL inhibition on naloxone-precipitated hypersecretion in CB 1 ( þ / þ ) and CB 1 ( À / À ) mice. (a) JZL184 blocked naloxoneprecipitated hypersecretion in morphine-treated small intestine tissue from CB 1 ( þ / þ ) mice, did not alter naloxone-precipitated hypersecretion in tissue from CB 1 ( À / À ) mice (b). Finally, PF-3845 blocked naloxone-precipitated hypersecretion in morphine-treated small intestine tissue from C57/BL6 mice (c). Secretion was measured by change in I sc and normalized to surface area. Data are expressed as mean ± SEM. *po0.05, **po0.01, ***po0.001 vs appropriate morphine control; # po0.05 vs corresponding morphine-naloxone treated tissue; n ¼ 4-5 mice/group.
Endocannabinoid modulation of abrupt opiate withdrawal D Ramesh et al endocannabinoids. Consistent with this idea is that FAAH is predominantly expressed on post-synaptic terminals (Gulyas et al, 2004) and MAGL is expressed on presynaptic terminals (Dinh et al, 2002) . Also, as discussed above, other consequences of enzyme inhibition may further contribute to the antiwithdrawal effects (eg, decreased brain levels of arachidonic acid or increased brain levels of non-cannabinoid fatty acid amides). A secondary objective of the present study was to elucidate the mechanistic basis of the differential antidiarrheal effects between JZL184 and PF-3845 during morphine withdrawal. Antecedents for diarrhea include enhanced contractility and increased secretion of fluids and electrolytes. As JZL184 and PF-3845 were each previously found to attenuate naloxoneprecipitated contraction of morphine-dependent ileum (Ramesh et al, 2011) , we reasoned that secretion in the ileum may account for the differential antidiarrheal effects between these enzyme inhibitors. Accordingly, we developed an in vitro model of naloxone-precipitated secretion in morphine-dependent small intestine tissue using Ussing chambers to test this hypothesis. As previously reported (Sheldon et al, 1990) , morphine alone reduced electrolyte and fluid transport. In contrast, naloxone challenge to morphine-exposed small intestine elicited profound increases in I sc current in isolated tissue, indicating hypersecretion. However, the observations that both JZL184 and PF-3845 prevented this response suggest that secretion alone may not mechanistically account for the differential antidiarrheal actions of these endocannabinoid catabolic enzyme inhibitors. Alternatively, this in vitro assay of naloxoneprecipitated secretion in morphine-exposed tissue may not model the underlying changes mediating the occurrence of diarrhea in animals undergoing opioid withdrawal. Nonetheless, this study introduces a novel and viable in vitro assay of opiate withdrawal in which Ussing chambers can be used to quantify hypersecretory responses precipitated by naloxone in morphine-exposed small intestine.
Although the results of the present study highlight the potential of the endocannabinoid catabolic enzyme inhibitors to treat opioid withdrawal, it will be important to assess this strategy on other components of opioid addiction, including drug seeking behavior, self-administration, extinction, and reinstatement. As the CB 1 receptor antagonist rimonabant attenuates heroin self-administration (Navarro et al, 2001) and reinstatement of heroin self-administration (Fattore et al, 2005) , whereas full CB 1 receptor agonists such as CP55,940 and WIN55,212-2 restores heroin self-administration (Fattore et al, 2003) in rats, it will be important to determine the degree to which elevating endocannabinoids may affect resumption of drug taking behavior. Furthermore, although somatic withdrawal signs represent an important component of opioid withdrawal, it remains to be established whether manipulations of the endocannabinoid system also attenuate affective opioid withdrawal signs (Frenois et al, 2002) , which are thought to contribute to the 'dark side of drug addiction' (Koob and Le Moal, 2005) . Experiments examining the efficacy of these compounds to reduce conditioned place avoidance behavior associated with opioid withdrawal or decreased responding for intracranial self-stimulation caused by opioid withdrawal will provide further insight into these important aspects of dependence.
The in vitro and in vivo data presented here establish that endocannabinoid catabolic enzymes represent attractive targets to treat severe withdrawal signs associated with opioid dependence. The novel combination of partial MAGL inhibition coupled with complete FAAH inhibition produces increased levels of endocannabinoid in brain, elicits no discernible cannabimimetic side effects, and blocks the wide spectrum of somatic opiate withdrawal signs through a CB 1 receptor mechanism of action in mice. This study is the first comprehensive evaluation of the effects of THC, as well as endocannabinoid catabolic enzyme inhibitors on spontaneous opioid withdrawal. In addition, we have established a novel end-point for opioid withdrawal in vitro using Ussing chambers to measure effects of withdrawal induced changes in intestinal secretion. Specifically, prolonged morphine exposure led to adaptations in the electrogenic mucosal ion transport as evidenced by the hypersecretory response induced by acute naloxone challenge. In addition, inhibitors of endocannabinoid catabolic enzymes blunt the naloxone-precipitated withdrawal response. Thus, dual inhibition of FAAH and MAGL offers a promising strategy to treat opioid dependence.
